Abstract
Fourier-Transform Infrared (FTIR) spectroscopy nowadays is a common tool for polymer characterisation and identification in research and industrial contexts. Macroscopic film samples are quickly analysed by attenuated total reflection (ATR)-IR. With this technique, the samples are pressed to the surface of a crystal and the spectrum, the chemical fingerprint of the material, is derived from the reflection of the infrared beam at the interface. By easy steps, the spectra are then compared with a spectrum library and within minutes the identification is complete. The limit of resolution is set by the diffraction limit of light.
A novel technique that moves the spatial resolution of IR-spectroscopy from micrometres in ATR to the nanometre range is nano-FTIR. The combination between a scattering-type nearfield optical microscope (s-SNOM) and a mid-infrared continuum laser joins the local resolution of AFM with chemical identification by infrared spectroscopy. By directing the laser beam to the metallic AFM tip a nanofocus is created, 1 whose diameter is only limited by the dimension of the tip. Thus, a local spectroscopic resolution of up to 20 nm is possible. 2 Within this focus, near-field (NF) interactions between probe and sample occur, which are controlled by the wavenumber (ω)-dependent dielectric function ε(ω) of the sample and thus its absorption/reflection properties. [2] [3] [4] Measurements are conducted in AFM tapping mode, so that the intensity of sample and background signal vary with the motion of the tip. The optical signal is recorded by interferometric detection in an asymmetric Michelson configuration, which differs from conventional interferometers as sample and tip replace the stationary mirror at the end of one of the four arms. In the adjacent arm a second mirror controlled by a piezo drive moves along the axis of the beam in the arm to provide interferograms in the form of the intensity of the optical signal as a function of distance. The ratio of light backscattered at the tip-sample system to the incident light is described by the complex valued scattering coefficient ( ) = ( ) ( ) with NFamplitude sn and NF-phase φn. With higher orders n of the tapping frequency Ω of the metallic cantilever tip, background interference is reduced. Fourier transformation of the detected optical signal at n ≥ 2 results in NF-amplitude and NF-phase spectra, which translate to the local reflection and absorption of the sample, respectively. 5 The mirror of the interferometric detection unit can be adjusted to the white light position (WLP), where both optical paths have the same length and the intensity of the interferogram is at its maximum. This setting does not provide spectral resolution but a 2D NF-amplitude scan identifies regions with different reflective properties in the spectral region of the incident beam. In a next step, point spectra of different spots on the sample and a reference spectrum are obtained by Fourier transformation of the corresponding interferograms with a moving mirror. The reference is usually measured on a reflective and non- 2, 6, 7 depending on the thickness of the sample. 8 An attractive way to examine material distributions and interfaces of samples with known components is IR-sSNOM imaging, where a monochromatic source is coupled in for the optical trace. In this case, excitation close to absorption bands of the components can be employed to differentiate between materials with high resolution, e.g. 40 nm for a PMMA-PC sample. 9 The reflected beam undergoes pseudoheterodyne detection with successive deconvolution at n ≥ 2
for Ω. 5 Analogous to nano-FTIR, optical amplitude and phase intensities indicate regions of reflection and absorption of the now monochromatic radiation. Both amplitude and phase are recorded on separate channels, so that 2D scan data of both is collected in addition to the usual topographic and phase maps derived from AFM scans. On a standard polymer blend sample, we here combine nano-FTIR and IR-sSNOM-imaging and show phase distributions and spectral transitions between the domains in a line scan.
A few studies reported near-field point spectroscopy and hyperspectral imaging, where a 3D Data cube with spectra taken for each pixel is obtained. 2, 10 However, a correlation of nearfield spectroscopy with a library spectrum search routine, as for example applied in the identification of unknown samples, is lacking. Furthermore, the widely distributed polymers polyethylene and especially polystyrene are more difficult to detect by near-field spectroscopy than others are. 10 For this reason, we here examine the applicability of near-field spectra with minimum post-treatment in a library-based identification of a selection of relevant polymer samples.
Results and discussion
Nano-FTIR spectroscopy on an LDPE-PS polymer blend. Nano-FTIR and IR-sSNOMimaging combine surface characterisation and optical spectroscopy at the nanoscale. In addition to topographical and mechanical phase data, local optical information of the surface of a sample is accessible. Library search. In Figure 3 , NF-amplitude and -phase spectra of polylactic acid (PLA) are plotted together with the real and imaginary parts of the data, which result from deconvolution at n = 2 of the tapping frequency. We measured point spectra at three different spots on the sample and averaged these into one. Each measurement took 6:45 min, while earlier work reported more than 16 min. 2 We applied a minimum smoothing by five point moving averaging the data. Due to the lower laser intensity towards the rims of their spectral range, fluctuations in the background are more prominent there and only data between 1800 and 1050 cm -1 was considered. As mentioned earlier, amplitude spectra and real part are related to the reflection at the nanofocus, while phase and imaginary part carry the information about the local infrared absorption of the sample. Confirming previous studies, phase spectra and imaginary part show slight differences in peak position and relative peak intensity ( Figure 3a ). 7 A close match occurs in direct comparison between the imaginary part spectrum and the ATR-IR reference of the same sample ( Figure 3b ). This underlines the suitability of imaginary part spectra or nano-FTIR absorption for library searches.
The applied broadband laser contains five separately accessible spectral ranges for irradiation of the sample. These are between 610-1400 cm -1 (A), 700-1720 cm -1 (B), 1000-2000 cm -1 (C), 1200-2200 cm -1 (D) and 1450-2200 cm -1 (E). Based on the individual intensity profiles of the excitation spectra, the width of finally obtained sample spectra is about 700-800 cm -1 per range.
The majority of relevant signals which differentiate carbon based polymers within the fingerprint region lies within range C with output spectra between 1800 and 1050 cm -1 (C=O stretch, aromatic stretch, CH2-bend, C-N stretch and C-O stretch vibrations), so that this range is best The range covers characteristic aromatic and bending bands of C-H groups that are relevant for identification.
In order to evaluate the chance of differentiation between polymers within this range, we carried out a hierarchical cluster analysis based on our open access polymer reference library that is applied in the identification of microplastics. 13 The library contains 326 spectra of common commercial polymers and co-polymers as well as natural polymers such as cellulose. Similar to the adaptable database design 13 the Hellinger distance of the spectra was calculated with PRIMER 6 software followed by hierarchical cluster analysis. We identified 112 differentiable clusters in the spectral range of 1700-1300 cm -1 (for details see experimental section and Figure S1 ). This number is very close to the 107 clusters obtained in the same way for the wider range validated and applied in microplastics analysis (3600-1250 cm -1 ). The analysis predicts in both cases that some relevant and spectrally similar compounds cannot be distinguished and thus belong to a common cluster. Examples for the clusters are: high + low density polyethylene, polyether/ polyester polyurethane, polyester including polyethylene terephthalate, polyalkyl methacrylates, and polystyrene + styrene acrylonitrile. A dendrogram with the results is shown in Figure S1 .
These results indicate a comparable identification success by near-and far field spectroscopy, with polymer types as a reliable result rather than exact compounds.
As mentioned earlier, the intensity of the irradiating laser is reduced towards the rims of the range. To assess which polymer spectra are affected to which degree, we further analysed the obtained spectral data within the range of 1800-1300 cm -1 , including C=O bands, and in the widest range of 1800-1070 cm -1 . Subjects of our examination were the following polymers:
polylactic acid (PLA), polyamide (PA), polyethylene (PE), polystyrene (PS), polyvinyl chloride (PVC), polypropylene (PP), polyethylene terephthalate (PET), styrene acrylonitrile (SAN), polymethyl methacrylate (PMMA) and a polyether urethane (PEUR).
We carried out library searches with OPUS 7.5 (©Bruker Optik GmbH) software and our aforementioned library. Applying the "standard" search algorithm based on peak position, relative intensity and half-width of the peaks was not successful. It frequently led to low similarities between measured and returned reference spectra indicated by "hit qualities" (HQs; 0-1000, 1000 = identical spectra) and misidentification of the polymer in agreement with an earlier study on transmission FTIR spectra. 14 Thus, we applied a routine with search parameters set to vector normalization of the spectra and comparison of the first derivative, analogously to procedures validated earlier 14 (for exemplary spectra and library search results see Figure S2 -S8).
All polymer identifications were correct, only in one case another compound within the same cluster group was returned. The hit qualities as listed in Table 1 are lower than those expected with larger scale FTIR but it has to be taken into account how extremely small the probed volume in the nanofocus is (sphere with the diameter of the cantilever tip, approx. 5*10 -24 m 3 ). Moreover, three factors have a stronger impact than in other, larger scale methods: individual probe-sample interactions, small-scale changes on the surface or unknown coatings and environmental conditions. Electrostatic charging on the surface of polymers or unknown coatings may influence the interaction with the probing tip, a known phenomenon in atomic force microscopy, which may affect NF-interactions and spectra. Multiple point spectra from different spots should be and 1500 cm -1 ) and over the complete accessible range 1800-1070 cm -1 with additional rubber band correction.
*Water bands were not excluded due to the presence of sample signals in the region. **The boundaries for water exclusion were set to 1584-1519 cm -1 .*** assigned to PB(utyl)MA within the same cluster of spectra.
averaged. As measurements are carried out under ambient conditions, water vapour may be visible in the detected spectra. The latter can be addressed by excluding respective regions from the analysed range.
PS exhibits the lowest HQ, which fits with the observation that this polymer is more difficult to detect by near-field spectroscopy in the relevant region compared to others. 10 PA and PLA on the other hand, are identified with HQs well above the limit of 700 for the classification as high quality data applied in far-field spectroscopy. 15 The intensity of recorded IR-spectra depends on the (local) refractive index of the sample as well as the oscillator strength of the respective vibration. In the case of nano-FTIR, which relies on scattering, the refractive index of the sample determines the efficiency of the backscattering process and thus the overall detected signal, so Broadening the analysed range of the data increased the contribution of noise in form of additional peaks to most spectra and may cause irregularities reducing the HQs. A clear benefit may however be the ability to detect carbonyl groups within the same range. Best results for PMMA, PET and PEUR were obtained with 1800-1300 cm -1 . PMMA is assigned to polybutyl methacrylate in this region, which belongs to the same cluster of indistinguishable spectra. When requiring more spectral information than available in the aforementioned ranges, spectra from three different incident ranges can be combined into one from 2000 to 670 cm -1 . In the spectrum of PS it becomes clear that the strongest signal is the one at 697 cm -1 (Figure 4) . Hierarchical cluster analysis. ATR reference spectra underwent a hierarchical cluster analysis using the Primer 6 software equipped with the Permanova+ package (PRIMER-E) in the range of 1700-1300 cm-1. For this, all spectra were offset corrected starting from 0. The data was normalised to percentage to exclude effects from different concentrations and varying contacts between diamond crystal and material during the ATR measurement. Prior to cluster analysis, the Hellinger distance of the different spectra was calculated.
Conclusions
Nano-FTIR and IR-sSNOM-imaging provide fast and detailed nanoscale characterisation and identification of polymer samples and blends through the combination of high-resolution microscopy and spectroscopy. Within a few minutes, the distribution of components and their phase boundaries can be analysed with resolutions down to 20 nm. Data obtained by nano-FTIR correctly identifies all the examined polymer samples with good to high quality results at moderate measurement times of less than seven minutes per spectrum and with a minimum post-processing routine. It is possible to differentiate between the most abundant polymer types comparable to conventional ATR-IR spectroscopy. The spectral range of only 1700-1300 cm-1 is sufficient for this. When higher accuracies are required, additional processing of the data such as rubber band baseline corrections may be applied or spectral ranges increased to further improve hit qualities and thus identification certainties. For materials with weak and few signals such as PE and PS, small ranges are beneficial. Discussions remain on whether and how to adjust thresholds for accepted HQ numbers for future identification tasks.
Our study proves the applicability of standard identification tools for unknown polymer samples to nano-FTIR data. Such a finding is of major interest, for example in the identification of unknown polymeric nanomaterials and raises high hopes for an unambiguous identification of nanostructured polymers and particles in environmental samples. ). Intensity distributions in amplitude and phase spectra demonstrate the switch from low reflection (amplitude) and high absorption (phase) to the opposite when changing from one material's resonance to the other's. All data are deconvoluted at n = 2. 
Library search results
The following graphs show nano-FTIR spectra and library search reference spectra of polypropylene after different data treatment steps in red and blue, respectively. All spectra are maximized in absorbance units here for better visibility. The number in the field of compound name (Substanzname) is an indicator for the cluster of spectroscopically indistinguishable compounds that the reference spectrum is assigned to in automatic analyis. 
